INTROD UC TION
Semiconductor radiation detectors are the basis for high-resolution spectrometers. For several years the weak link in semiconductor spectrometers was the input stage of the preamplifier. The noise of that stage limited the signalto-noise ratio of the system and hampered the excellent resolving capabilities of the detector. This situation changed with the technological advances in fabrication of junction field-effect transistors (JFET). Nowadays well-optimized silicon JFET's having high gm/Cg ratios are increasingly available. Recently also a germanium planar JFET was manufactured, and work continues on high-mobility III -Y compound FET' s. Fieldeffect transistors have favorable cryogenic characteristics for low-noise amplification. It is therefore no surprise that with the availability of the new devices several high-resolution cryoge~i~ preamplifiers using silicon JFE4' s were built. -A germanium FET preamplifier was recently added to the list of high-resolution instruments.
The availability of high-resolution preamplifiers increased the importance of seeking optimum operating conditions for the germanium detectors. In the present spectrometer~, germanium detectors are operated above 77 K, sometiITles as high as 100 K--in particular, when supported by electrically insulated holders. This method of operation, naITlely cooling the detector with liquid nitrogen, is convenient but certainly not optimum. Information on the optiITlum opera~ ting teITlperature of the germaniuITl detectors, mainly for high-energy '( rays was reported by E. Sakai et al. 5 They found the optiITlUm teITlperature in the range of 20_40 0 K. This paper describes a hypercryogenic highresolution x-ray and ,(-ray spectrometer. The spectrometer consists of a lithiuITl-drifted germaniuITl detector and a germanium junction fieldeffect transistor (JFET) preamplifier. OptimuITl operating temperature for the gerITlanium detector was found for low -energy radiation. That temperature is in the range between 10 to 35°K and it depends on the particular detector and its history.
The JFET's are operated at liquid-helium teITlperature, to attain their high-gain, low-noise characteristics, superior to the well-optimized and selected silicon devices. Pulse generator resolution of the preamplifier for zero external capacitance is 0.28 keY FWHM (Ge), with a slope of 0.018 keY/pF. Several detectors were used in the spectroITleter. Low -capaci tance, thin-window detectors give resolutions of the order of 0.4 keY for lowenergy x rays (5-15 keY), 0.5 keY for higher energy x rays (50 keY), and 0.68 keY for mediuITlen~rgy '( rays (122-keV 57 Co). A medium capacitance (12 pF), thick-window detector recorded the 57Co lines with 0.93 keY FWHM.
GERMANIUM DETECTORS
GerITlanium detectors are used extensively in nuclear spectroscopy. Their principles of operation are fairly well understood and several review articles have been written covering the· various aspects of detection with these counters. [6] [7] [8] In the following we shall concentrate on the teITlperature-dependent characteristics of the compensated germanium detectors.
The equivalent circuit of a lithiuITl-drifted germanium detector is given in Fig. 1 . The current generator ~ represents the total leakage current of the device, C the junction capacitance, and R the resistance of the undepleted region. The leakage current of a: p-n junction consists of diffusion and generation bulk cOITlponents and a surface cOITlponent. Radiation detectors require thick depletion layers which are realized by lithium compensation forITling p-i-n structures. In these devices only the generation components in the bulk and the surface will be significant. The generati0cf current in the bulk space Charge layer is given by n.
where q is the charge of an electron, A the area of the diode, W the thickne s s of the depletion la ye r, n. the density of thermally generated carriers, and Tlthe lifetime of the carriers. It was assuITled that the generating centers are in the middle of the energy gap and that the lifetimes of holes and electrons are equal. The lifetime 'T is given by 1 b'.vth·N g (2) where (T is the capture cross section of the generation-recombination centers, Vth the thermal velocity, and N g the concentration of generationrecomblnatloli centers. The main temperature dependence of Ig comes through ni and th.e lifetlme 'T. For germanium, = 1 76.10 16 T 3 / 2 (4550 ) n i .
decreasing strongly with temperature. Unfortunately, there is little information on carrier lifetimes (or capture cross sections) at cryogenic temperatures. There is evidence of increased trapping of carriers at liquid-helium temperatures. . This will reduce the effective lifetime as the probability of detrapping at these temperatures is very small. Therefore, the increased trapping will cause deterioration of resolution but will not increase the generation current I . From this we can expect that the generation E:urrent will decrease with temperature below 77 0 K.
The surface component of the leakage current is calculated in a similar way to the one used for bulk generation [Eq. (1)], assuming a completely depleted surface. The surface generation component is given by10
where As is the surface area and sO the surface recombination velocity expre s sed by
with the parameters as in Eq. (2), but for the surface. The surface current ·has the same temperatu.re dependence as Ig through ni and sO. The only dlfference lS the indIrect temperature dependenc.e of Ngs in the case of nonencapsulated germamum detectors. Liquid-helium cooling acts in effect as a cryopump improving the vacuum of the cryostat c~:>nsiderably. Therefore, the probability of adsorptIon of polar molecules on the surface is reduced, causing a decrease in N gs·
To summarize, theoretically, the leakage curre~t 1£ should be decreased significantly by recslucing the temperature of the detector from 77 K to 10 -20 0 K. The exact measurement of 1£ is complicated because of the small amplitude of this current. It requires a carefully shielded m.easuri~g setup and a high-voltage conne.ctor Wlth reSIstance to ground higher than 101b n.
The capacitance of a germanium detector is only weakly temperature depende·nt. It is inversely proportional to the thickness of the intrinsic region, which will be temperature independent in the case of perfect compensation. Otherwise, when some ionized impurities are still present in the compensated region, the capacitance will be -2-higher than expected. Decreasing the temperature into the liquid-helium range will cause deionization of these impurities, which may have shallow (boron) or deep (copper) energy levels. This will consequently decrease the capacitance. Also deionization of the impuri tie s in the uncompensated p-region will increase the .intrinsic layer and decrease the capacitance.
Measurements were made on fully (2 pF) and partially (10 pF) compensated detectors. The capacitance of these devices at 500 V decreased between 30 and tOO K by 1% and 3%, respectively.
The resistance R has two parasitic effects on ~h~ performance of a J:rmanium detector. It exhIbIts thermal noise ( kTR) and slows down the rise time of the output pulse. The resistance R will decrease with temperature between 77 and 10 0 K, as the mobility of lightly doped germanium increases in that temperature range. 4 Consequently, lowering the temperature of the detector reduces both parasitic effects of R.
Summarizing, we can say that the noise sources of the detector, both shot and thermal are reduced and the signal-to-noise ratio im-' proved, as its temperature is lowered below 77 0 K.
Addi tional improvement in the pe rformance of a germanium detector at the hypercryogenic temperatures is made possible by the reduced value of the leakage current. Higher bias voltage may now be applled, thus lmproving charge collection statistics and reducing the capacitance of the detector and, therefore, further improving its re solu_ hon.
. In the above, the advantages of hypercryogemc operatlOn were outlined, but not all the characteristics of the detector improve at reduced temperature. The main problem that arises is the increased trapping of carriers, thus causing poor collection statistics and deterioration of the resolution. Therefore, optimum temperature exi sts for the achievement of best resolution. This temperature depends heavily on the amount of trapping centers and theIr characteristics and, therefore, will be a function of the history of the detector and the energy of the ionizing radiation. ,Some aspects of the trapping and detrapping effects are described in a later section.
THE PREAMPLIFIER
The following preamplifier circuit with mior modifications was described elsewhere. 4 The mput stage of this circuit and the coupling net"-Ork to th~ germanium detector are shown in Fig. 2 . The Input s~age consists of two p-channel germamum JFET s type TIXM12 in cascode. The transcond~ctance of th~t FET as a function of temperature IS gIven In FIg. 3 . Maximum transconductance for low -current uni ts is obtained at 4.2 0 K (transistor case temperature). Low-current -FET's operated at liquid-helium temperatures are emloyed ~n ~he input ~ta.ge. The FET's are actually ~n the lIqUld to mlmmize thelr 1/f noise, which Increases strongly with temperature, and to insure stability of the gain. The FET's are connected t6 the passive elements of the stage through lowcapacitance feedthroughs. They are operated with zero gate-to-source bias and V DS of approximately 2 V. The low V DS prevents a large component of avalanche-type noise, but also causes relatively large junction capacitances. The germanium JFET' s have almost perfect noise uniformity at liquid-helium-temperature. Low-current devices give slightly better signal-to-noise ratios and therefore those units are used in the preamplifier. The selection process is, therefore, obviously simple.
More details on the germanium JFET' sand the rest of the preampiifier circuit can be found in Refs. 3 and 4.
The coupling between the detector and the input stage is ac, so as to provide more flexibility in the operating conditions (temperature and bias) of the detector; dc coupling should be advantageous in cases when the optimum temperature of the detector is very l\?w. The resistors R1 and R2 are kept close to 4.2 K, and their resistance at that temperature is 400 Mrl and 650 Mrl, respectively. The capacitor C 1 is a mica capacitor and its variation with temperature is negligible. The tempel"atures of the detector and FET' s are very close and, therefore, thermoelectric effects in the coupling network are m.inimized.
The resolution of the preamplifier was checked with the conventional pulse generator test, using a 0.5 pF testing capacitor. The result obtained was 0.28-0.3 keY FWHM (Ge) with a slope of 0.018 keY /pF. The low sensitivity to external capacitance is a result of a relatively high input capacitance of the FET' s (10-15 pF).
THE CRYOSTAT -3-
A cross-sectional drawing of the lower part of the cryostat is shown in Fig. 4 . The inner chamber contains liquid helium and is made of stainle s s steel. A liquid-nitrogen-cooled thermal-radiation shield, made of copper, com.pletely surrounds the liquid-helium. chamber. The liquidni trogen (LN) cham.ber is not shown. The vacuum. chamber is made of alum.inum..
In the lower part of the cryostat there are four identical ports placed every 90 deg. Each of the port cover plates is used for a different purpose as follows: 1) beryllium. window for radiation entrance, 2) high-voltage connector, 3) preamplifier connector, and 4) connector for the heater resistors.
A liquid-helium. therm.al-radiation shield is placed around the detector. A Mylar strap (not shown) holds the detector onto the detector plate and supplies pressure for the electrical contact shown touching the right side of the detector. The high voltage is applied to the detector via the detector-plate holder. The detector-plate holder is insulated from the L-shaped bracket by the sapphire rod. Figure 5 is a photograph of the Lshaped bracket and the detector assembly. We use m.any of the parts previously described by C. E. Miner. 11 ."
The temperature of the detector is controlled by the two heater resistors placed between the liquid-helium cham.ber and the L-shaped bracket. The heater resistors connected in series, are 50 n 10/0 m.etal-film. elem.ents, which m.aintain their resistance at 4.2°K within a few percent of room. tem.perature value. By placing a tem.peraturecalibrated resistor on a dum.my detector, the current flowing in the heater is calibrated to the temperature at the detector. By m.onitoring the heater current we were able to make our measurements at different temperatures without introducing undue noise caused by the additional wires to a thermometer resistor. The accuracy of the measured temperature is ± 1 0 K. The lowest terr},perature attainable under these conditions is 12 K. 
PERFORMANCE OF THE SPECTROMETER
The spectrom.eter was tested with three different germ.anium. detectors. Two of the detectors were low-capacitance (-2.5 pF), thin-window devices m.ade at the Lawrence Radiation Laboratory, Berkeley. 12 The two were produced from. different ingots and had different histories. The third detector was RCA's encapsulated unit-type SJGG 7/30 having capacitance of approxim.ately 12 pF. All three detectors were tested for the tem.-perature dependence of their resolution, and the results obtained are given in Fig. 7 . The pulseshaping tim.e constants of the m.ain amplifier were 5 fJ.sec intelfration and differentiation. The source used was 5 Co and the detectors were operated at The best results were obtained with detector No.1 --0.68 keY at 12°K and with bias voltage of 1200 V. With 1500 V the resolution deteriorated only slightly and, thus, lower temperature of operation could be advantageous. Detector No.2 showed somewhat excessive noise at 57°K; its optimum temperature was 22°K. The RCA detector had optimum temperature of 32 ° K and its best resolution for 57 Co was 0.93 keY.
The spectrometer using detector No. 1 was tested with other low-energy sources as 55Mn x rays, 241Am (Np x rays) and 68Er x rays. The Ka and Kf3 lines of 55 Mn (Fig. 8) Figure 9 shows the x rays of 8Er . We see that the K doublet, 0.9 keY apart, is well resolved and ~e The operation of the germanium detector with high bias voltages causes an increase in microphonics. In the described spectrometer, two distinct frequencies of 200 Hz and 1 kHz were observed.
TRAPPING EFFECTS
Semiconductor detectors, especially those from compound materials, 13 suffer from trapping effects. In germanium these effects are particularly significant at the hypercryogenic temperatures, due to the increased capture cross sections of the trapping centers (a t). In the germanium lattice, any foreign atoms or irregularities, such as dislocations, having energy levels in the bandgap may act as trapping centers. For a single trapping level, the probability of detrapping is proportional to exp (-b.E/kT), where b.E is the activation energy of the trap and T the temperature of the lattice. The decreasing probability of detrapping at hypercryogenic temperatures causes the appearance of a slow-rising component in the output pulse of the detector. The waveform of typical output pulses showing the effect of trapping is given in Fig. 10 . The amplitude of the fast component Vf decreases with temperature, due to the increase of the capture cross section of the trapping centers. The average value of the time constant (T ) of the slow component increases with decreasingStemperature, due to the decreasing . probability of detrapping.
Output pulses exhibiting slow risIng components were observed 5 in germanium detectors below 20 ° K and in GaAs and CdTe detectors at room temperature. 13 We observed these pulses with the described spectrometer in the range of detector temperatures of 80 to 12°K. The number of such pulses increases noticeably as the temperature is reduced. At hypercryogenic temperatures the average time constant of the slow component is very large (-50 f.1sec), causing a reduced amplitude to most of the affected pulses. This in turn produces distinct satellite peaks in the observed spectrum, as can b z l 1 een in Fig. 11 . In that figure several spectra of Am are shown, concentrating on the 59.57-keV trapped y rays. The spectra were taken at different temperatures of the detector with constant detector bias of 1500V and integration and differentiation time constants of 5 f.1sec. We believe that the appearance of three distinct satellite peaks for a single-energy y ray is due to different trapping centers. From Fig. 11 it can be seen that the apparent energy (pulse height) of the satellite peaks increases with temperature. This is a combined result of decreased at and T s. By computing the total amount of counts and the counts under the satellite peaks, the relative variation of a t (assuming the same a t for the different traps) with temperature was calculated and is given in Fig. 12 .
As expected, use of shorter differentiation and integration time constants in the amplifier (1 f.1sec) gives satellite peaks of lower energy (Fig.  13) . By measuring the variation of T s with temperature, the activation energies, b.E, of the traps can be deduced.
The energy' of the satellite peaks varies also with the bias of the detector, as can be seen in Fig. 14. This figure shows the 241Am spectra with the detector at 22 ° K for electric fields of 2 and 2.5 kV /cm. The variation in trapping rates at this temperature and such high fields may indicate hole trapping. Electron drift velocity is already saturated at the stated conditions. 5
Using a collimated source (approximately 1 mm in diameter), we were able to ascertain that the trapping centers are concentrated in one edge of the detector. Numerous etchings of the detector did not eliminate the satellite peaks. 14 indicating bulk trapping centers.
In conclusion, we can say that operation of the germanium detector at hypercryogenic temperatures may offer valuable information on the trapping centers and their characteristics in this material. The presented study of trapping effects is by no means complete and we hope it will be continued. Similar study can be performed on silicon detectors. so as to provide better understanding of the trapping effects in that material. The collected information may prove important not only in the field of radiation detectors. but also in the much broader area of semiconductor devices.
CONCLUSIONS
The temperature dependence of the parameters of lithium-compensated germanium detectors was analyzed for temperatures below 77 ° K. A decrease in noise and capacitance is accompanied by an increase in trapping as the temperature is lowered. An optimum temperature exists in the range between 10 and 35 0 K for individual detectors.
A high-resolution spectrometer was built with a germanium detector at its optimum temperature and a liquid-helium-cooled germanium JFET preamplifier. Resolutions of the order of 0.4 keY were obtained for low-energy x rays and 0.68 keY for the y rays of 57 Co.
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The hypercryogenic spectrometer was used to study some aspects of the trapping effects in germanium. We believe that such study will provide important information for further improvement of semiconductor detectors. A cr~s ~ section of the cryostat.
The h6lde r ~£ the detector.
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